Abstract: We introduce a 5 x demagnifying telescope system into an external cavity spectral beam combining and realize a narrow spectrum diode laser combining output by using a nine-emitter 970 nm diode laser mini-bar. With an external feedback mirror of 10% reflectivity, this experiment yields 44-W combined laser power at the operating current of 70 A. The measured M 2 values of the combined laser beam are 12.2 and 2.8 for the slow and the fast axis, respectively. The spectral bandwidth of the combined laser is about 2.7 nm, which is nearly five times narrower than the output spectral bandwidth of 12.1 nm without the 5 x demagnifying telescope. To our knowledge, this is the narrowest spectral bandwidth obtained from the spectral beam combining scheme with a short focal length transform lens.
Introduction
High efficiency diode lasers (DLs) play an important role in many applications such as optical pumping of solid state lasers, display and material processing, etc. Although diode laser source has many advantages over the other laser source from a commercial point of view, it is not suitable for many special applications because of its poor beam quality and low spatial brightness. Various diode lasers such as broad area diode laser, tapered diode laser and slab-coupled optical waveguide laser (SCOWL) have been used in conjunction with different structures to achieve high brightness direct diode laser (DDL) output [1] - [5] . In recent years, Teradiode Inc. demonstrated that the spectral beam combining (SBC) technique, one of the incoherent beam combining techniques, is a promising technique for diode laser array to scaling output power and spatial brightness from multiple diode lasers without deteriorating beam quality [6] . SBC technique is the easier method to accomplish, because there are not requirements on combining element controlling such as spectrum, phase and polarization, as must be done in coherent beam combining [7] . Compare with other incoherent beam combining methods, such as spatial or polarization beam combining [8] , the SBC technique can increase the spatial brightness greatly without deteriorating beam quality.
Several demonstrations have been made by different research institutes all around the world since Lincoln Laboratory demonstrated the SBC technique in the year 2000 [9] , [10] . Xiao et al. used seven 200 W 91x nm fiber-pigtailed (200 μm/NA 0.22) SBC diode stacks with a spectral bandwidth of 16 nm to pump ytterbium doped single all-fiber laser oscillator, which generated 1 kW of CW signal power at 1080 nm with near diffraction-limited beam quality [11] . Zhang et al. demonstrated a novel structure of spectral beam combining with the help of transmission grating. A CW power of 50.8 W, M 2 of 10.9 in combining direction and a spectral bandwidth of 24 nm were achieved [12] . TRUMPF Laser GmbH investigated 10 passively cooled, 80 W diode bars arranged side-by-side on a diode laser module in an external cavity including a thin-film filter (TFF) and a transmission grating. At 100 A pump current an output power of 550 W from the TFF-Grating cavity was achieved after beam combing, the full spectral range was nearly 37 nm [13] . In another demonstration, an off-axis spectral beam combining structure has been applied to a 980 nm high power broad area diode laser bar. At the operating current of 30 A, the optical power of 9 W and the measured M 2 values of 6.4 for the combining direction were achieved. The output wavelengths were found to be in the range from 950 nm to 980 nm [14] .
Previous experimental results mentioned above proved that the spectral beam combining technique can achieve high beam quality diode laser output, but it occurred inherently together with spectral bandwidth broadening, namely, at the expense of sacrificing the spectral brightness. For some special applications, such as pumping sources of fiber laser and nonlinear frequency conversion, not only require high spatial brightness but also need high spectrum brightness. According to the principle of spectral beam combining, the spectrum range is directly proportional to the interval of adjacent emitters along the combining direction and inversely proportional to the focal length of the transform lens. Considering that choosing a transform lens with long focal length would increase the size of combining system, we can decrease the interval of adjacent emitters to narrow down the bandwidth of the SBC spectrum.
In this paper, to get narrow line-width, we introduce a 5 x de-magnifying telescope system into spectral beam combining of 976 nm diode laser mini-bar. The external cavity consists a transform lens with 150 mm effective focal length (EFL) as well as the former work [15] . Due to the mini-bar's low "smile" effect, each emitter will have an effective optical feed-back and perfectly wavelength locking. Spectral bandwidth narrowing from a free running 27.7 nm down to 2.7 nm has been achieved at output powers up to 44 W. To our knowledge, it is the narrowest spectral bandwidth that obtain by spectral beam combining diode laser with a short focal length transform lens. Additionally, we can use a de-magnifying optics to achieve a more compact spectral beam combining system with certain spectral bandwidth.
Spectral Beam Combining Experimental Setup
The experiment setup of spectral beam combining in an external cavity is shown in Fig. 1 . The cavity includes a diode laser bar, fast and slow axis collimation lens, a 5
x de-magnifying telescope optics in the slow axis which consists of a 100 mm focal length cylindrical lens (Plano-convex) and a 20 mm focal length cylindrical lens (Plano-convex), a 150 mm Fourier transform cylindrical lens (Plano-convex) which is placed a focal length away between the de-magnifying telescope optics and grating, a plane diffractive grating with 1600 lines/mm and the first order diffractive efficiency measured to be around 94% between 966 nm and 986 nm, and a output coupler with a reflectivity of 10%. Compare with standard closed-loop spectral beam combining structure, we introduce a de-magnifying telescope optics in the beam combining experiment. The diode laser rear facet and the output coupler form a laser cavity. As a result of gain competition and dispersion effect of grating, each emitter is locked on the different wavelength changing with its position along the combining direction. The diffractive grating ensures that the individual beam emitting from each emitters along the array spatially overlap on the grating and fully overlap as they propagate to the near and far field. Therefore, we can conclude that spectral beam combining utilizes the external optical elements and internal laser oscillation to realize multiple emitters beam combining and wavelength locking of single emitter. For an SBC system, there are a number of requirements for diode laser array. It is important to have high power and good beam quality of single element. A low "smile" effect and a low antireflection (AR) coating at the front facet are necessary to ensure effective optical injection in DL active region. A broad area commercial diode laser mini-bar (manufactured by QPC lasers) is used in the experiment. The specific parameters of the mini-bar are shown in Table 1 .
The diode laser mini-bar is collimated by a 1000 μm focal length FAC lens and a 3000 μm focal length SAC lens, respectively. The residual divergences after collimation are about 2.2 mrad in fast axis and 38 mrad in slow axis. In order to restrain the influence of inter-cavity of diode laser, the front facet of the diode laser array is anti-reflection (AR) coated, which provide a residual reflectivity less than 0.05%.
According to the principle of the spectral beam combining, the corresponding wavelength interval of adjacent emitters can be obtained as follows [16] :
where p is the interval of adjacent laser emitters along the laser mini-bar, d is the grating period, f = 150 mm is the effective focal length of transform lens, θ Littrow is the Littrow diffractive angle of grating at 976 nm. Aiming to achieve relatively narrow spectrum of SBC diode laser source, we must choose a long focal length transform lens, dense groove grating or a diode laser bar with high filling factor. In this paper, a 5 x de-magnifying telescope optics is used to decrease the interval of adjacent emitters on the mini-bar from 500 μm to 100 μm by optical transform. Then apply the parameters mentioned above, we calculate that the overall spectral bandwidth after the SBC of the diode laser mini-bar is about 2.4 nm.
Results and Discussion
In free running mode with FAC and SAC array at 70 A, the original laser spectrum with the bandwidth of 27.7 nm (1/e) and the center wavelength of approximate 976 nm are shown by Fig. 2(a) . The spectra of the combining beam are shown in Fig. 2(b)-(d) . We find that the combining laser spectrum consist of nine independent peaks. Each resonance peak originates from the corresponding emitter on the diode laser mini-bar. The nine independent peaks indicate that each emitter has an effective feed-back and perfect wavelength locking, and there is no influence from neighboring emitters either. Fig. 2(b) shows the combined laser spectrum without a de-magnifying telescope optics in the spectral beam combining system, the output spectral bandwidth is about 12.1 nm. Fig. 2(c) shows a spectral bandwidth of 5.4 nm as the result of SBC with a de-magnifying telescope optics approximate 2.5:1 (38 mm/15 mm focal lengths) in the slow axis direction in order to reduce the overall beam size as a new sub-laser-array to combine. In the same way, we introduce a 5
x de-magnifying telescope optics in the experiment aiming to narrow the laser spectrum further. The spectral bandwidth for our SBC experimental configuration is about 2.7 nm as shown in Fig. 2(d) , which is slightly larger than the calculative value of 2.4 nm in previous section, by reason of the diffractive angle deviate from the Littrow angle of grating and the shrink-ratio of the interval is not precise 5
x . The spectral channel spacing is about 400 pm, while the individual emitter line-width is 200 pm (FWHM). The power wastage induced by the de-magnifying telescope optics can be nearly ignores, so the spectral brightness has been improved over 4.5 times when compared to the same SBC experimental configuration without de-magnifying telescope optics. Light current characteristics of diode laser mini-bar in free running mode and SBC mode at a constant coolant temperature of 20°C are shown in Fig. 3 . The output power reaches 52.8 W with 49% electro-optical (E-O) conversion efficiency at a pump current of 70 A in free running mode. In SBC mode, the output power more than 44 W and the ultimate electro-optical conversion efficiency of 41% are achieved at the same pump current. The diffractive angle deviates from the θ L i ttr ow and the reflection loss of external cavity result in E-O conversion efficiency relatively low in SBC mode.
The beam quality of the combining laser at 70 A is measured by Beam Propagation Analyzer M 2 -200S-FM (Ophir-Spiricon). The result is shown in Fig. 4 . M 2 values of the combining beam are 12.2 and 2.8 for the slow and fast axis, respectively. The fast axis beam quality seems to be degenerated appreciably compared with the beam quality obtained from a single emitter in free running mode at the same current level, which due to a slight beam rotation when the laser beam propagates through the 5 x de-magnifying telescope optics, similar to the beam rotating by Beam Transformation System (BTS). In fact, the combining output beam has the same spatial beam quality as that of a single emitter.
Conclusion
We demonstrate a high spatial and spectral brightness direct diode laser by means of SBC technique where a 5 x de-magnifying telescope optics is used for narrowing the spectrum of the combining laser. The spectrum is narrowed down to 2.7 nm when a diode laser mini-bar is spectral combined. More than 44 W of output power is achieved at the pump current of 70 A, and the E-O conversion efficiency is 41%. As expected, the beam quality M 2 values of combined beam have the approximate beam quality of a single emitter in both directions. Compared to the same SBC experimental configuration without de-magnifying telescope optics, the output spectral brightness is improved over 4.5 times. Additionally, a high times de-magnifying telescope optics can be used to achieve narrower spectrum of spectral combining beam. At the same time, conjunction with conventional incoherent beam combining techniques (such as spatial beam combining) can let more diode laser bar participate in bean combining along the slow axis to scaling the combined laser power towards kW-regime within narrow spectral bandwidth.
